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Li2MnO3 stabilized  LiNi1/3Co1/3Mn1/3O2 cathode  materials  are  discussed  by
xLi2MnO3·(1  −  x)LiNi1/3Co1/3Mn1/3O2 (x =  0.3  and  0.7)  solid  solutions.  The  solid  solutions  were  syn-
thesized  by annealing  the  mixing  LiNO3, Mn(NO3)2 and  LiNi1/3Co1/3Mn1/3O2 powder  at  900 ◦C  for  12  h,
and  it was found  that the  cathode  particle  size  increased  from  200–300  to 300–500  nm. The pristine
LiNi1/3Co1/3Mn1/3O2 showed  the  30th  discharge  capacity  of 174.5  mAh  g−1.  Our results  indicated  that  the
introduction  of  Li2MnO3 in  the cathode  could  increase  performance.  0.3Li2MnO3·0.7LiNi1/3Co1/3Mn1/3O2
−1
ithium ion battery
athode materials
olid solution
Li2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2
cathode  shows  higher  discharge  of  182.0  mAh  g in the  30th  cycle.  And the  discharge  capacity  of
214.1  mAh  g−1 was  obtained  when  the  Li2MnO3 content  increased  to 0.7.  Moreover,  the  cyclic perfor-
mance  at 55 ◦C  was also  increased  by  Li2MnO3. For  instance,  the  discharge  capacities  were  191.2  mAh  g−1
(x =  0.3)  and  229.3  mAh  g−1 (x =  0.7)  and  the  capacity  retentions  are  94.9%  and  91.4%  after  40  cycles,
respectively.  The  DFT  calculations  show  that  stable  Li2MnO3-enriched  layer  is  as  a  result  of  enhanced
performance.. Introduction
The -NaFeO2 type layered lithium transition metal oxide
iNi1/3Co1/3Mn1/3O2 has been extensively studied due to its higher
eversible capacity, lower cost, less toxicity and enhanced safety
erformance in comparison to conventional LiCoO2 [1–7]. How-
ver, its poor cyclic performance, especially at high upper cutoff
oltages such as 4.6 V (vs. Li+/Li) and at high temperature, prevents
iNi1/3Co1/3Mn1/3O2 cathode material from its applications in high-
nergy or high-power lithium ion batteries, such as electric vehicles
EVs) and hybrid electric vehicles (HEVs) [8–11].
Many studies have been carried out to improve the performance
f the LiNi1/3Co1/3Mn1/3O2 material [10–16]. Recently, Thackeray
t al. proposed a new strategy to improve the electrochemical
tability of LiNi1/3Co1/3Mn1/3O2 cathode material using Li2MnO3
17,18]. They synthesized structurally integrated two-component
layered-layered” xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 com-
ound in which the Li2MnO3 component stabilizes the
iNi1/3Co1/3Mn1/3O2 material. The Li2MnO3 component can
e considered as a layered Li[Li1/3Mn2/3]O2 structure in which
Li1/3] substitutes [Mn1/3] site in a layered compound LiMnO2
∗ Corresponding author. Tel.: +86 29 82665161; fax: +86 29 82665161.
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[19–21]. The Li2MnO3 is electrically inactive between 2.5 and
4.4 V. However, by charging to high potentials, typically 4.6–4.8 V
(vs. Li+/Li), lithium can deintercalate from the Li2MnO3 component
with a concomitant release of oxygen (i.e., a net Li2O loss) to
yield a layered MnO2 component and providing high capacities
>200 mAh  g−1[22]. Therefore, due to their high capacity and cyclic
stability, the xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 solid solution
has been regarded as one of the most promising cathodes in
lithium ion batteries.[17,18]
Currently, two  approaches, co-precipitation precursor of Ni, Co
and Mn  with lithium salts and sol–gel method, were employed
to synthesize xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 solid solutions
with enhanced cyclic performance [23,24]. However, these two
methods need longer heating treatment time or higher heating
temperature, inevitably increasing the cathode cost. In addi-
tion, it is difﬁcult to quantify the amount of Li2MnO3 and
LiNi1/3Co1/3Mn1/3O2 and the distributions within the composite.
How to simply synthesize xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2
solid solutions with decreased cost has been a signiﬁcant challenge
in lithium ion batteries.
In this paper, it was  reported using a simply solution based
strategy to obtain xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0.3 and
0.7) with improved performance. As illustrated in Fig. 1, ﬁrst, the
LiNi1/3Co1/3Mn1/3O2 powders were uniformly dispersed in a mixed
solution of LiNO3 and Mn(NO3)2 with stirring. In drying the mixed
ghts reserved.
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aFig. 1. The reaction mechanism of modiﬁcation 
olution process, LiNO3 and Mn(NO3)2 evenly were coated on the
urface of LiNi1/3Co1/3Mn1/3O2 powder. Then they were annealed
o synthesize xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 solid solutions.
he method combined the advantages of the co-precipitation and
olution methods. It has some obvious advantages: (1) easy to
djust component; (2) controllability of the process operation; (3)
he synthesized materials homogeneous and the stability of prop-
rties, etc. It is expected that obtained solid solutions could show
ood cyclic performance.
. Experimental
.1. Synthesis of xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0.3
nd 0.7) solid solutions
The process of synthesizing LiNi1/3Co1/3Mn1/3O2 pow-
er was reported in the previous paper [25]. A solution of
 mol  L−1 with metal ions was obtained by LiNO3 and Mn(NO3)2
nLi:nMn = 2:1, mole ratio) dissolving in a deionized water.
hen according to the stoichiometric amounts (x = 0.3 and
 = 0.7) of the LiNi1/3Co1/3Mn1/3O2 powder were added to
he solution and mixed. xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2
x = 0.3 and 0.7) solid solutions were synthesized at 900 ◦C
or 12 h from precursor, which is obtained by drying at
20 ◦C from the solution and LiNi1/3Co1/3Mn1/3O2 pow-
er. The materials were marked by S0 (LiNi1/3Co1/3Mn1/3O2
owder), S1 for 0.3Li2MnO3·0.7LiNi1/3Co1/3Mn1/3O2
nd S2 for 0.7Li2MnO3·0.3LiNi1/3Co1/3Mn1/3O2, respec-
ively. Fig. 2 showed the ﬂow chart of synthesizing
Li2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0.3 and 0.7) solid solu-
ions. The reaction equation can be represented as follows:2xLiNO3 + xMn(NO3)2 + (1 − x)LiNi1/3Co1/3Mn1/3O2
−→xLi2MnO3
(1 − x)LiNi1/3CO1/3Mn1/3O2 + 4xNO2 ↑ +2xO2 ↑
(1)
ig. 2. The ﬂow chart of synthesizing of xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0.3
nd  0.7) solid solutions.i1/3Co1/3Mn1/3O2 cathode materials by Li2MnO3.
2.2. Characterization of xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2
(x = 0.3 and 0.7) solid solutions
The powder X-ray diffraction (XRD) measurement was  made
on a PANalytical, X’Pert PRO X diffractometer equipped with a Cu-
Ka radiation ( = 0.154056 nm). The 2 Bragg angles were scanned
over a range of 10–80◦. Lattice parameters were investigated by
the XRD with the X’Pert Highscore Plus software. Scanning electron
microscope (SEM) was performed using JSM-6700F.
The electrochemical properties of
xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0, 0.3 and 0.7) cathode
materials were examined in CR2016 coin type cells. The cath-
ode electrodes were prepared by pasting the mixture of 70 wt%
cathode materials, 20 wt%  acetylene black and 10 wt% PVDF onto
an aluminum foil current collector. The electrolyte was  1 mol  L−1
LiPF6/ethylene carbonate (EC) + diethyl carbonate (DEC) + ethyl
methyl carbonate (EMC) (1:1:1 in volume). Lithium metal foil was
used as negative electrode. The cells were assembled in Mikrouna
Super (1225/750) glove box under a dry argon atmosphere and
then aged for 10 h before initial charge to ensure full absorption
of the electrolyte into the electrode. Electrochemical impedance
measurements (EIS) were performed using Versatile Multichannel
Potentiostat 2/Z (VMP2) with the ability for impedance measure-
ments (Bio-logic). Charge–discharge characteristics were tested
galvanostatically in the voltage of 2.5–4.6 V (vs. Li+/Li) by LAND
Battery Test System.
2.3. Computational
In order to investigate the good stability of the charge-discharge
cycle, a model was built to research the reason by the ﬁrst princi-
ple calculation. The model contains a Li2MnO3·shell (three Mn-O
layers) and a LiNi1/3Co1/3Mn1/3O2 core (three Ni-Co-Mn-O layers).
The shell and core are built as slabs, and the two  slabs are all in the
[0 0 3] orientation. The bottom layer of LiNi1/3Co1/3Mn1/3O2 was
ﬁxed during the geometric optimum. The DFT calculations were
performed using the PBE method implemented in the CASTEP code.
The plane-wave basis set was determined with a cutoff energy of
500 eV. The integral in the reciprocal space was evaluated by the
Gaussian smearing technique with a smearing parameter of 0.1 eV
and a 2 × 2 × 1 mesh. The exchange–correlation interaction was
treated by the generalized gradient approximation with the Hub-
bard model correction (GGA + U) [26,27]. A U parameter of 5 eV was
commonly used for all the transition-metal species.
3. Results and discussion
3.1. XRD and SEMThe XRD patterns of Li2MnO3 ·LiNi1/3Co1/3Mn1/3O2 and
xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0.3 and 0.7) solid solu-
tions are shown in Fig. 3. Fig. 3 shows that the strongest diffraction
J. Li et al. / Applied Surface Scien
Fig. 3. XRD patterns of xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0, 0.3, 0.7 and 1)
cathode materials.
Table 1
Lattice parameters and the c/a ratio of xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0,
0.3  and 0.7) cathode materials.
Sample  ˛ (Å) c(Å) V(Å3) c/a
Li2MnO3 – – – –
p
s
o
a
t
L
w
p
s
s
b
a
dS0  2.860 14.228 100.80 4.975
S1  2.856 14.234 100.55 4.984
S2  2.848 14.202 99.77 4.987
eaks can be indexed to the parent hexagonal structure with
pace group R3¯m. However, some minor ordering peaks at 20–30◦
bserved in S1 and S2 samples (although the peaks of S1 sample
re very weak), which indicate the cation ordering occurring in the
ransition metal layer of Li2MnO3. The peaks stronger is, the more
i2MnO3 content, which can be according to the monoclinic cell
ith space group C2/m. From the diffraction patterns, the lattice
arameters are calculated based on the space group R3¯m. Table 1
hows the lattice parameters, c/a ratio, and the volume. The solid
olutions show the lattice parameters signiﬁcantly decrease with x
ut the c/a increase. The c/a ratios of S1 and S2 samples are 4.984
nd 4.987, which are all larger than 4.900 and this reveals the well-
eﬁned layered structure [4]. In addition, the peaks within 62–66◦
Fig. 4. SEM images of xLi2MnO3·(1 − x)LiNi1/3Co1ce 285P (2013) 235– 240 237
of S0, S1 and S2 are clearly split, which also indicate that the samples
possess typical layered characteristics. Li2MnO3 does not change
the structure of LiNi1/3Co1/3Mn1/3O2 material, however, increase
the materials in intensity, which can be interpreted as the increase
in crystallinity.
Fig. 4 shows SEM typical images of S1 and S2 samples. It can be
seen that the secondary particle formations in the micrometer (m)
scale are observed with S1 and S2. The primary particle size of S1 is
about 300–400 nm,  while more than 500 nm for S2 powder. With
more Li2MnO3 content, more stable morphologies are obtained in
terms of the particle growth and aggregations with the heat treat-
ment. Obviously, both samples show polygons shape originating
from high crystallinity of the cathodes.
3.2. Electrochemical properties
The electrochemical properties of S0, S1 and S2 samples, are
evaluated at a potential range of 2.5–4.6 V (carried out within
2.8–4.6 V for S0) at room temperature and 55 ◦C, respectively. Fig. 5
shows the initial, 2nd and 30th charge/discharge curves at 0.05 C
for S0, S1 and S2, respectively. From the Fig. 5, the charge/discharge
capacities of S1 and S2 distinctly increase with the increase of
cycles, while that of S0 fades seriously. The charge/discharge capac-
ities, columbic, efﬁciencies of increase of S1 and S2 are shown in
Table 2. The initial discharge capacity of S1 is 174.5 mAh  g−1, and
the 30th capacity is 182.0 mAh  g−1. S2 showed a similar trend as
S1: its initial discharge capacity is 171.4 mAh  g−1, and the 30th
capacity is 214.1 mAh  g−1. Clearly, the electrochemical proper-
ties are largely improved with respected to Li2MnO3 component.
As known, Li2MnO3 shows no electrochemical reactions resulting
from the difﬁcult diffusion of lithium ions into the Mn  layer, thus a
new charge/discharge mechanism can be described follows: (1) by
charging cut-off voltage to 4.5 V, lithium can be removed from the
LiNi1/3Co1/3Mn1/3O2 material, expressed by Eq. (2); (2) by charg-
ing to higher voltage, typically ≥4.5 V, lithium can be extracted
from the Li2MnO3 component, accompanied by the simultaneous
removal of oxygen form the Li2MnO3, which can be expressed by
Eq. (3). (3) In discharging process, with xLi entering the MnO2 to
be xLiMnO2, and (1 − x) Li into the Ni1/3Co1/3Mn1/3O2 component
yielding (1 − x)LiNi1/3Co1/3Mn1/3O2, as Eq. (4) shows [21]:xLi2MnO3 · (1 − x)LiNi1/3Co1/3Mn1/3O2
Charge−→ xLi2MnO3 · (1 − x)Ni1/3Co1/3Mn1/3O2 + (1 − x)Li (2)
/3Mn1/3O2 (x = 0.3 and 0.7) solid solutions.
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/3Co1/3Mn1/3O2 cathode materials (a: x = 0.3; b: x = 0.7; c: x = 0).
x
x
a
E
s
c
r
s
c
T
CFig. 5. Charge/discharge curves of xLi2MnO3·(1 − x)LiNi1
Li2MnO3 · (1 − x)Ni1/3Co1/3Mn1/3O2
Charge−→ xMnO2 · (1 − x)Ni1/3Co1/3Mn1/3O2 + xLi2O (3)
MnO2 · (1 − x)Ni1/3Co1/3Mn1/3O2 + Li+
Discharge−→ xLiMnO2 · (1 − x)LiNi1/3Co1/3Mn1/3O2 (4)
The electrochemical impedance spectrum (EIS) was evaluated
t 3.0 V before and after 2nd and 30th cycle of S2 sample. The
IS and the schematic circuit based on the impedance result were
hown in Fig. 6. It can be seen that the curves include a semi-
ircle in the high-frequency region and intermediate frequency
egion, and an inclined line in the low-frequency region. The
emicircle is due to the series resistance (Rs) at the composite
athode and the charge transfer reaction at the interface of the
able 2
harge/discharge capacities and efﬁciencies of xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0
Samples S0 S1 
Charge
(mAh g−1)
Discharge
(mAh g−1)
Charge–
discharge/
efﬁciency (%)
Charge
(mAh g−1)
Dis
(mA
Initial 251.2 198.5 79.0 275.3 174
2nd  216.0 195.0 90.3 220.9 178
30th  175.0 174.2 99.5 186.9 182Fig. 6. Electrochemical impedance spectroscopy of 0.7Li2MnO3·
0.3LiNi1/3Co1/3Mn1/3O2 solid solution before and after charge/discharge.
, 0.3 and 0.7) cathode materials at 0.05 C.
S2
charge
h g−1)
Charge–
discharge/
efﬁciency (%)
Charge
(mAh g−1)
Discharge
(mAh g−1)
Charge–
discharge/
efﬁciency (%)
.5 63.4 335.4 335.4 51.1
.8 80.9 201.4 201.4 91.6
.0 97.4 223.9 223.9 95.6
J. Li et al. / Applied Surface Science 285P (2013) 235– 240 239
Fig. 7. Charge/discharge curves at different charge/discharge rates of xLi
F
0
c
f
a
F
a
3
i
r
s
T
fig. 8. Cycle performances of xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0, 0.3 and
.7)  cathode materials at 55 ◦C.
athode/electrolyte (Rct/CPE), and the inclined line in the lower
requency range is attributed to Warburg impedance (W)  that is
ssociated with lithium ion diffusion through the cathode [23].
ig. 6 shows that the impedance before cycle is more than 1400 ,
nd after 2 cycles, that decreases 268 ,  then that is 123  in
0 cycles. The smaller the resistance is, the more facilitating Li
ons intercalation–deintercalation from the oxide structure, which
esults in capacity increase with the cycle increase.Fig. 7 displays the charge/discharge curves of the S1 and S2
amples at different rates (0.05 C, 0.1 C, 0.2 C, 0.5 C, 1 C and 3 C).
able 3 shows the discharge capacity and the differences at dif-
erent charge/discharge rates. The capacities of S2 are higher than
Fig. 9. The electronic density section of the shell2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0.3 and 0.7) solid solutions.
that of S1 at low rates. While the charge/discharge rates are higher
than 0.2 C, the discharge capacities of S2 are less than that of S1,
moreover, their capacity difference increases with the increase of
charge/discharge rates, which is due to the low conductivity of
Li2MnO3 [28].
The elevated test temperature is a quite severe condition for the
Li-ion cells to obviously degrade the cathode materials. To investi-
gate the electrochemical properties S1 and S2 samples at elevated
temperature, the cells were carried out at 0.3 C within 2.5–4.6 V
at 55 ◦C (the electrochemical properties S1 and S2 samples were
ﬁrstly carried out at 0.3 C within 2.5–4.6 V for 20 cycles at room
temperature). The results are shown in Fig. 8. It can be seen that
the initial capacities of S1 and S2 are 191.2 and 229.3 mAh  g−1, and
the capacity retentions are 94.9% and 91.4% after 40 cycles, respec-
tively. Comparing with the S0, the electrochemical properties at
high temperature are signiﬁcantly improved by Li2MnO3, clearly
indicating that Li2MnO3 functions in stabilizing the structure of
the solid solutions. It is worthy noting that the higher capacity is
obtained with more Li2MnO3 at elevated temperature, but more
Li2MnO3 results in lower capacity retention.
3.3. The DFT calculation
It can be indicated that there exists a stronger interaction
between the Mn-O layers of the shell, because the electron cloud
of the O atom overlaps with the Mn  atom in the neighboring Mn-O
layer, as shown in Fig. 9. The Mn-O layers of the core weakly inter-
act from the view of electron cloud overlap between Mn-O layers.
The stability of charge/discharge cycle comes mainly from the sta-
bility of the frame composed by transition metals oxides [10,14].
The stable shell encloses the core, so the frame of the oxides par-
ticle is stabilized by the Li2MnO3 cladding, and then, the particles’
 (Li2MnO3)-core(LiNi1/3Co1/3Mn1/3O2) slab.
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Table  3
Discharge capacity difference at different rate of xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0.3 and 0.7) cathode materials.
Charge–discharge rates/C S1 S2 Difference of discharge capacity S1 and S2 (mAh g−1)
Discharge capacity (mAh g−1) Discharge capacity (mAh g−1)
0.05 178.8 184.5 −5.7
0.1  169.9 174.4 −4.5
0.2  159.9 156.6 3.3
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ycling stability is good. In effect, there is no a pure Li2MnO3 layer
n the xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 particle, while there is
n outside layer containing more Li2MnO3. The Li2MnO3-enriched
ayer is the stable reason of the charge/discharge cycle.
. Conclusion
xLi2MnO3·(1 − x)LiNi1/3Co1/3Mn1/3O2 (x = 0.3 and 0.7) solid solu-
ions have been successfully synthesized by a solution based
pproach. Our results indicate that the introduction of more
i2MnO3 increases the discharge capacities and capacity retention
uring the charge/discharge processes, but it shows poorer rate
apability due to the low conductivity of Li2MnO3. Moreover, the
yclic performance at elevated temperature reveals that the solid
olution cathodes deliver high speciﬁc capacity, capacity retention
nd stability. Therefore, our study demonstrates that the proposed
imply solution based strategy is an effective approach to improve
he electrochemical performance of LiNi1/3Co1/3Mn1/3O2 cathode,
xhibiting some promising applications in EVs and HEVs.
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